Introduction
Discrepancies between the number of genes, the cDNA libraries and the proteomics analyses indicate that alternative splicing mechanisms should operate to ensure the large protein diversity such as a given gene may produce large sets of proteins possessing common and unique sequences (reviewed in Modrek and Lee, 2002) . Splicing alternatives have been described for many genes but the mechanisms regulating this machinery are not well understood (reviewed in Caceres and Kornblihtt, 2002; Modrek et al., 2001) . Given the large number of tumors arising from unexpected alternative splicing, the analysis of the mechanisms involved in the control of this process may be an important step in the comprehension of tumorigenesis. Lymphoproliferative disorders and skin cancers are a common and dreaded complication in the clinical utilization of two immunosuppressors, cyclosporin A (CSA) and tacrolimus (FK506) (Thiel et al., 1994; Stewart et al., 1995) . The targets of these molecules are the cyclophilins and the FKBPs (FK506-binding protein), for CSA and FK506, respectively. These complexes bind to calcineurin and prevent the activation of this phosphatase involved in many activation pathways (Crabtree, 1999) . Several studies have revealed that activation of T-cells in the presence of CSA induces the synthesis of IL6 (Williamson et al., 1994) , TGF-␤ (Prashar et al., 1995) , LAT (linker for T-cell activation) (Peters et al., 2000) and of hundreds of other proteins in vitro and in vivo Mascarell and Truffa-Bachi, 2002; Mascarell and Truffa-Bachi, 2003) . We have recently identified by representational differential analyses (RDA) some of the corresponding genes (Mascarell et al., 2004) . Among these, we have detected the expression of the synaptotagmin-like 2 gene (Slp2) (Mascarell et al., 2004) .
The alternative splicing of Slp2 mRNA produces four isoforms in the brain, where the gene is constitutively expressed . Since alternative splicing is regulated by a complex process involving, in addition to the spliceosome, the transcription machinery (reviewed in Caceres and Kornblihtt, 2002; Rosonina and Blencowe, 2002) , we tested whether CSA and FK506 could affect the regulation of the alternative splicing pattern of Slp2 gene in T-cells. The present data show that only the Slp2-a and Slp2-b isoforms accumulate in large quantities in T-cells activated in presence of CSA or FK506. Strikingly, two previously undected isoforms, each characterized by the retention of an intron, were discovered. The first, denominated Slp2-e, includes exon 8, intron 8 and exon 9. Exon 7, intron 7 and exon 8 are joined in the second isoform, named Slp2-f, giving rise to an ORF of 3687 bp. Slp2 gene is not activated by an other immunosuppressor which does not target calcineurin suggesting that both Slp2 gene activation and the choice of alternative splicing sites of the corresponding mRNA are regulated by calcineurin.
Materials and methods

T-cell activation
T-cells were purified as previously described (Caceres and Kornblihtt, 2002) . Cells were cultured in 2 ml (2 × 10 6 cells/ml) in complete RPMI (RPMI 1640 (Life Technologies Inc., Grand Island, NY)) supplemented with 2 mM l-glutamine, 50 g/ml streptomycin, 50 U/ml penicillin, 5% heat-inactivated fetal calf serum, 5 × 10 −5 M 2-mercaptoethanol. Two micrograms per milliliter of ConA (Sigma) were added at the onset of the culture. CSA, a kind gift of Novartis (France) was added at 1 g/ml to one group of cells. Non-activated cells and CSAtreated non-activated cells were also cultured. Cells were placed in a humidified atmosphere of 5% CO 2 in air and recovered at selected times. Brain's mRNA was prepared as previously described (Liu et al., 1991) .
PCR analysis of the transcripts
At selected times, 2 × 10 6 purified T-cells were lyzed in TRIzol reagent ® (Gibco BRL, Grand Island, USA). cDNA was prepared using M-MLV reverse transcriptase (Invitrogen-Life Technologies, Cergy-Pontoise, France) as previously described (Liu et al., 1991) . The conditions of PCR amplification were as following: 30-40 cycles (as indicated in the figure legends): 30 s denaturation at 95 • C, 30 s annealing at 55 • C and 30-60 s extension at 72 • C. Following electrophoresis on 1.5% agarose gel, the PCR products were visualized using a transilluminator.
The primers used for the amplification of the four known isoforms of the Slp2 gene are the following: Slp2-a: 5 -TCCCAA-GCTACATTTGTTACA-3 (exon 1, position 41) and 5 -AAAT-GCGTCTCATACCAAAG-3 (exon 6 position 27501); Slp2-b: 5 -ACAGTCATTCAGCCCAAGT-3 (exon 8, position 33883) and 5 -GAAAGAAGAGCTGCTAGGAAA-3 (exon 9, position 36649); Slp2-c: 5 -CCCTCACTGCATCTTGACTA-3 (intron 9, position 38950) and 5 -TAGAAAAAGTCGCCAGAAGAC-3 (exon 19, position 55902); Slp2-d: 5 -AGCTCTGAGACCC-CTCTG-3 (intron 14, position 50445) and (exon 19, position 55902). 5 -TTAGAGACCATCGGCAAGGTA-3 . The position on the gene sequence is taken from the data on the gene bank for the murine Slp2 gene (accession number: Ensembl Gene ENSMUSG00000030616). The primers used for the revelation of specific isoforms are reported in the legends of the corresponding figures. ␤-Actin: 5 -CACGATTTCCCTCTCAGC-3 , 5 -GCACCACACCTTCTACAA-3 . IL2: 5 -TGCTGACTCAT-CATCGA-3 , 5 -AGGATGGAGAATTACAG-3 .
Results
Preferential accumulation of Slp2-a and -b mRNA in T-cells activated in the presence of CSA
We have previously reported that activation of T-cells in presence of CSA promotes the transcription of many genes among which we identified the Slp2 gene (Mascarell et al., 2004) . The alternative splicing of Slp2 mRNA gives rise to four species of mRNAs sharing common exons, on one hand, and an exclusive set of individual exons on the other . To assess whether all the isoforms were expressed, PCR were performed with primers designed in order to uniquely amplify specific isoforms (see Section 2). mRNAs from T-cells activated for 4 and 24 h in presence or absence of CSA were used. Slp2-a mRNA is already detected in non-activated T-cells and is increased following activation in presence of CSA (Fig. 1) . The Slp2-b mRNA isoform is untraceable in non-activated or ConAactivated T-cells, whereas activation in presence of CSA leads to its accumulation. Slp2-c and Slp2-d isoform were undetectable in T-cells activated in presence or absence of CSA; however, Fig. 1 . T-cell activation in the presence of CSA increases Slp2-a and -b transcripts. Non-activated spleen cells (NA), or spleen cells activated with ConconavalinA (ConA) in the absence (ConA) or presence of CSA (ConA + CSA), were cultured for 4 and 24 h. A group of cells was incubated with CSA alone (CSA). Following T-cell purification and RNA extraction, PCR (40 cycles) was performed with primers specific for synaptotagmin-2-like (Slp2) -a, -b, -c and -d isoforms, as described in Section 2. RNA prepared from brain cells was used and PCRs were performed using primers specific for the Slp2 isoforms -c and -d (inset). The amplified material was resolved by gel electrophoresis and the images were collected using a Vilber Lourmet transilluminator. ␤-Actin served as an internal standard for the quality and quantity of the mRNA preparation. The arrows show the size of the PCR products. The data are representative of three independent experiments. they are readily uncovered in the brain attesting the efficacy of the primers used. These data show that Slp2 gene is transcribed in T-cells activated in presence of CSA and that CSA also regulate the level of accumulation of each individual transcript.
CSA modulates the retention of introns in activated T-cells giving rise to two new Slp2 isoforms
The sequencing of the Slp2 clone originating from the RDA experiments (Mascarell et al., 2004) showed that the sequence is located between exon 8 and exon 9 and, therefore, it is not associated to any of the four Slp2 isoforms previously detected in brain . In order to analyze whether the transcript extended to the flanking exons, RT-PCR were carried out using different couples of primers located in intron 8 (group 1), exon 8 and intron 8 (group 2) and intron 8 and exon 9 (group 3), respectively ( Fig. 2 ). cDNAs were prepared from splenic T-cells activated with ConA for 4 and 24 h, in the presence or absence of the immunosuppressor. cDNAs from non-activated cells or from cells cultured in the presence of CSA alone served as controls. ␤-Actin mRNA accumulation is a control for mRNA quality and quantity. The prevention of IL2 mRNA increase show the effectiveness of the CSA treatment (Fig. 2) . Amplified materials of the expected size accumulate with the three sets of primers used showing that the transcript detected in T-cells activated in presence of CSA extends into exon 8 and 9 ( Fig. 2 ; only the 4 h data are represented). The PCR products were purified and sequenced. These sequences are identical to intron 8 sequence described in the gene bank (data not shown). PCRs were also prepared omitting the RT step. As shown in Fig. 2 , no materials were detected in this condition demonstrating that the amplified materials does not originate from a genomic contamination.
When primers chosen in exon 7, intron 9 or exon 10 were used in conjunction with any of the 5 or 3 end primers located in intron 8, no amplified material was produced, suggesting that the new Slp2 mRNA, does not extend before exon 8 and behind exon 9 (data not shown). This isoform, named Slp2-e has an open reading frame corresponding to exon 8 and a stop codon at the 5 end of intron 8; it represents thus a truncated form of Slp2-b.
During these analyses an amplified material of 1778 bp was found in T-cells activated in presence of CSA with a set of primers located in exons 7 and 8 (Fig. 3, group 1) . Exons 7 and 8 were never found associated in any of the previously described isoforms, exon 7 being specifically coupled with the Slp2-a isoform, whereas exon 8 is exclusively associated to the Slp2-b isoform . The existence of this new isoform was confirmed using two primers located in the flanking region of the alternatively spliced region, at the beginning and at the end of intron 7 and a primer specific for exon 8 (Fig. 3 , group 2 and 3). Bands of the expected sizes were found with these primers. Such bands were almost undetectable in resting T-cells, or in activated T-cells or in Tcells cultured in presence of CSA alone. No amplification was observed when the RT step was omitted (data not shown). Combinations of primers located in exon 6 with primers situated in exon or intron 8 did not yield detectable materials showing that this new transcript does not extend into exon 6 and into intron 8 (data not shown). These results demonstrate that activation of T-cells in presence of CSA yields another Slp2 isoform that we named Slp2-f. The exon and the exon/intron organization of the previously known and the newly described Slp2 isoforms expressed in T-cell activated in presence of CSA are shown in Fig. 4 ; the alternative splice sites are also indicated. Sequence analysis revealed that the Slp2-f isoform has an open reading frame of 3687 nucleotides beginning at the 5 end of exon 7, extending throughout intron 7 and terminating at the 3 end of exon 8 (Fig. 5) . This sequence encodes a putative protein of 1228 amino acids (Fig. 5) . The nucleotidic/protein sequences boxed in red represent exon 7 and the beginning of exon 8, respectively. No homologies were found with known nucleotidic/protein murine sequences. Nevertheless, the murine Slp2-f isoform shows high homology (47% identities at the protein level) with a region of the human orthologue, Sytl2 gene (see supporting information). This region is located between exons 8 and 9 (mouse and human synaptotagmin-like 2 genes differ in the number of exons, 20 in the mice and 22 in the human). Strikingly, this region of the human Slp2 has also an open reading frame and a cDNA covering this region has been described (gene bank locus AY386362). Such an ORF is also conserved in rat and chimpanzee Slp2 gene orthologues (Fig. 6) .
Inhibition of the calcineurin-dependent activation pathway is implicated in the regulation of alternative splicing
To assess whether the transcription of the Slp2 gene and the differential accumulation of the various transcripts was linked to the inhibition of the calcineurin pathway, two other immunosuppressants were used. FK506 acts as CSA on calcineurin, whereas rapamycin interferes with a later activation pathways originating from IL2 ligation to its high affinity receptor (reviewed in Rovira et al., 2000) . Spleen cells were activated for 4 and 24 h in absence or presence of the various immunosuppressors. At the end of the stimulation, the T-cells were purified, and RT-PCR were carried out using appropriate couples of primers. IL2 mRNA accumulation was blocked by CSA and FK506 but not, as expected, by rapamycin (Fig. 7) . Accumulation of the Slp2-a, -b, -e, and -f isoforms is observed in presence of CSA or FK506, but not of rapamycin suggesting a role of calcineurin in gene activation, as already reported (Mascarell et al., , 2004 , and in the choice of alternative splicing sites.
Discussion
Triggering of T-cells in presence of CSA or FK506 provokes the transcription of the synaptotagmin-like 2 gene, an additional example of the antagonistic effects, i.e. gene blockade or gene up-regulation, of these two molecules on gene expression. Strikingly, these immunosuppressors also modulate the alternative splicing process. Of the four Slp2 species previously described in the brain , two accumulate in large quantities (Slp2-a and -b) and two are totally absent (Slp2-c and -d). Two other species, each characterized by the retention of an intron, were also detected. These isoforms originate from the region located between nucleotides 31069 and 36713 of the murine Slp2 gene (Unigene Mm.26751) that includes the sequence extending from the 5 extremity of exon 7 to the 3 end of exon 9. The Slp2-e isoform is made up by exon 8 (2064 bp), intron 8 (1856 bp), and exon 9 (104 bp) and lacks both the upstream (exons 1-7) and the downstream sequences (exons 10-20) . A premature termination of translation at the 5 end of intron 8 makes of this isoform encoding a protein of 678 amino acids a truncated form of Slp2-b. Slp2-f isoform covers exon 7 (78 bp), intron 7 (1545 bp) and exon 8 (2064 bp) and do not extend behind the 3 end of this exon. Surprisingly, this sequence of 3687 nucleotides is an ORF potentially encoding a protein of 1229 amino acids.
mRNA editing takes place in the spliceosome, a ribonucleprotein complex composed of 300 distinct proteins and five RNAs (Jurica and Moore, 2003; Nilsen, 2003) . Accurate splicing is accompanied by exon-intron junctions that are assured by weakly conserved intronic cis-elements (reviewed in Cartegni et al., 2002; Roca et al., 2003; Garcia-Blanco et al., 2004) . The identification by the spliceosome components of the intron-exon boundaries also relies on sequences distinct from the splice sites that are present in exons and in introns. Finally, four functional regulatory elements located in exons and/or introns have been implicated in the choice of exon selection (reviewed in Jurica and Moore, 2003) .
The synthesis of the Slp2-a, -b and of the two novel isoforms relies on the utilization, in various combinations, of six splice sequences (Fig. 4) . Slp2-a originates from the splicing of the pre-mRNA at the sequences flanking exon 7 (Fig. 4, sites 1 and  2) . This allows the association of exon 7 to exon 6 (and to the first 5 exons), on one side. Joining at the 3 end results in the excision of exon 8 and to the junction to exon 9, the downstream exons being joined by the utilization of the sequence at the 3 Fig. 7 . Accumulation of mRNA encoding Slp2-a, -b, -e and -f isoforms is linked to the blockade of the calcineurin pathway. Spleen cells were activated with ConA, either alone (ConA), or in the presence of CSA (ConA + CSA), FK506 (ConA + FK506), or rapamycin (ConA + RAPA). Non-activated cells were cultured with CSA (CSA), FK506 (FK506), or rapamycin (RAPA). Following 4 and 24 h of activation, the cells were recovered and T-cells were purified. RT-PCRs (30 cycles) were performed using primers specific for IL2, Slp2-a, Slp2-b, Slp2-e and Slp2-f isoforms, and the amplified material was analyzed as described in the legend of Fig. 1 . The data are representative of three independent experiments. end of exon 9 (Fig. 4, site 6 ). The sequences flanking exon 8 are used for Slp2-b production. Splicing at the 5 end precludes the junction with the upstream exons, whereas splicing at the 3 end causes the junction to exon 9 and to the other downstream exons. For the two newly identified isoforms, the conventional sites are either used or skipped. The conventional sequence located at the 5 end of exon 8 (site 3) is used for Slp2-e synthesis. However, the splicing sequence located at the 3 end (site 4) is skipped by the spliceosome resulting in the junction of exon 8 to intron 8 and exon 9. This also provokes the termination of splicing and no downstream exons are linked to this isoform. For Slp2-f production, the 5 end sequence of exon 7 (site 1) and the sequence located at the 3 end of exon 8 (site 4) are used, the two other conventional sites (2 and 3) being skipped. This also results in the termination of the junction to upstream or downstream exons.
Are CSA and FK506 acting directly or indirectly on the spliceosome? A member of the cyclophilin family, USA-CyP, is part of a complex with two spliceosomal proteins involved in both steps of pre-mRNA splicing. It has been shown that association of CSA to USA-CyP inhibits the splicing efficiency leading to the accumulation of unspliced mRNA species (Horowitz et al., 2002) . However, the simultaneous accumulation of transcripts encoding the classical (Slp2-a and -b) and the novel (Slp2-e and -f) isoforms in presence of CSA does not support the implication of USA-CyP. In addition, FK506 induces the accumulation of mRNA encoding both classical and novel isoforms. However, an FK506-binding protein (FKBP), sharing with USA-Cyp inhibitory splicing capacities, is not associated to the spliceosome (Jurica and Moore, 2003; Nilsen, 2003) .
A target, common to CSA and FK506, but not to rapamycin, an immunosuppressor that does not alter the pattern of Slp2 isoforms expression, should be implicated in the modulation of the spliceosome machinery. Although structurally unrelated, both CSA and FK506 act on the calcineurin-dependent pathway blocking the antigen-induced T-cell proliferation (Liu et al., 1991 , reviewed in Crabtree, 1999 Kiani et al., 2000) . The association of CSA to cyclophilins, on one hand, and of FK506 to FKBPs, on the other hand, results in the formation of two distinct three-molecular complexes with calcineurin, complexes in which the enzymatic activity of calcineurin is blocked (Liu et al., 1991; Fruman et al., 1992) . Both cyclophilins and FKBPs are ubiquitous proteins that are 10-100 times more abundant, in a mole/mole ratio, to the concentration of each immunosuppressor effectively blocking the calcineurin activity, the limiting factor being the calcineurin concentration (reviewed in Fruman et al., 1994) . The resolution of the three-molecular complexes by X-ray crystallography has definitely proved the model of action of CSA and FK506 (Mikol et al., 1994; Theriault et al., 1993; Kissinger et al., 1995) . It is thus tempting to consider that the two immunosuppressors act on alternative splicing through the inhibition of calcineurin, an hypothesis substantiated by the lack of effect of rapamycin that also binds to FKBP but interferes with a biochemical pathways distinct from the calcineurin one (Albers et al., 1993) .
Calcineurin is a key enzyme in T-cell activation. This phosphatase dephosphorylates different substrates, among which NFAT, provoking their translocation to the nucleus and consequently the activation of genes essential in T-cell proliferation and differentiation (Emmel et al., 1989 , reviewed in Rao et al., 1997 . Calcineurin is also implicated in the activation of other biochemical pathways related to the progression of Tlymphocytes in cell cycle (Sugimoto et al., 1997; Trushin et al., 1999; Shaywitz and Greenberg, 1999) . The formation of threemolecular complexes between calcineurin and CSA-cyclophilin or FK506-FKBP inhibits the calcineurin activity and all the biochemical pathways linked to its activation. This precludes the expression of the genes having in their promoter region NFATconsensus sequences (Shibuya and Taniguchi, 1989; Jain and Valge-Archer, 1992) . However, inhibition of calcineurin has also an up-regulating effect on the transcription of many genes: IL6 (Morton, 1999) , TGF-␤ (Khanna et al., 1994; Cotrim et al., 2003) , LAT (Peters et al., 2000) , CSTAD (Mascarell et al., 2004) and of hundreds, not yet identified, genes .
Slp2 gene is silent in T-cells but is actively transcribed in presence of CSA or FK506. This signifies that a set of transactivators either are induced or that pre-existing transactivators translocate to the nucleus upon calcineurin inhibition Mascarell and Truffa-Bachi, 2003) . Alternative splicing is regulated by a complex process involving the transcription machinery (reviewed in Caceres and Kornblihtt, 2002; Rosonina and Blencowe, 2002) . Capping, splicing and cleavage/polyadenylation are highly coordinated in time and space. Notably, RNA polymerase II links mRNA synthesis with the splicing machinery throughout SR-proteins (Caceres and Kornblihtt, 2002) . The relative abundance of these proteins and of the heterogeneous nuclear ribonucleoproteins (hnRNPs) plays a major role in the choice of the exons retained or excised (Fu, 1995; Graveley, 2000; Zahler et al., 1993) , reviewed in Caceres and Kornblihtt, 2002) . The different patterns of Slp2 isoform expression in brain and in T-cells may reflect tissular differences in SR-proteins. Alternatively, blockade of calcineurin provokes an imbalance in the relative abundance of the various SR-proteins and/or other factors of the splicing machinery allowing the production of both conventional and unconventional Slp2 mRNA isoforms.
Variability in splicing patterns is a major source of protein diversity from the genome. The function(s) of the four isoforms of Slp2 described in the literature are not still completely known. They share a C2 domain that potentially binds Ca 2+ . Slp2-a possesses, in addition, a Rab27A binding domain implicated in melanosome distribution in the cell periphery and regulating the morphology of melanocytes (Kuroda and Fukuda, 2004) . Neither of the two newly described isoforms possesses these domains. Slp2-f encodes a protein that has no particular motifs or similarities with other murine proteins. However, Slp2-f shares high similarities with rat, chimpanzee and human orthologues. The conservation of an open reading frame across these species (Fig. 6 ) highly suggests that it has an important functional role.
Mutations affecting the regulation of alternative splicing have been implicated in human diseases (reviewed in Caceres and Kornblihtt, 2002; Garcia-Blanco et al., 2004) . Many of these mutations affect canonical splice sites (Stenson et al., 2003) . Regulation of alternative splicing contributes also to cancer, for example in mis-splicing of exon 18 in BRCA1 (Liu et al., 2001) or in tumor progression in the pathogenesis of prostate tumor (Yan et al., 1993) . The human breast-associated antigen, SGA-72M (locus AY386362), is located in human Slp2 gene (gene ID 54843). The matching mRNA contains exon 8, intron 8 and exon 9 showing the occurrence of an intron retention phenomenon as found for murine Slp2-f. Strikingly, SGA-72 M possess an open reading frame that starts at the 5 end of human exon 8 extending to the 3 of exon 9. This sequence encodes for a protein of 1788 amino acids, which shares 47% identities with the murine Slp2-f protein (Fig. 6 and data not shown). The finding that the retention of a coding intron is found associated to a tumor antigen in human and that an identical phenomenon occurs in the same gene in murine T-cells activated in presence of CSA is puzzling. CSA not only alters gene expression by blocking or inducing the transcription of numerous genes but it also affects sites of alternative splicing giving rise to the potential synthesis of novel proteins. It is tempting to speculate that the detrimental effect of CSA is linked to its capacity to alter normal splicing mechanisms.
